Abstract.-The development of the basic phenomenological theories of martensite m o g r a p h y into the generalised mu1 t i p l e l a t t i c e invariant shear analysis of Acton e t a l . , referred to as the CRAB theory i s summarised. Unfortunately the generality of the CRAB theory, and perhaps the concise notation adopted i n i t s presentation, appears to have obscured the f a c t t h a t i t incorporates, as a special case, a new and very simple, direct and powerful formulation of the basic single shear theory. In order to encourage wider use of t h i s method of predicting the crystallographic features of martensitic transformations, the single shear CRAB theory i s presented here, using elementary matrix algebra, for the case when the parent structure i s referred to an orthonormal basis. The corresponding equations which a r i s e when a general parent basis i s adopted are also given using the notation of the tensor calculus, in an appendix.
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Introduction.-The well established phenomenological theories of the crystallography of martensitic transformations due to Wechsler, Lieberman and Read (1) and to Bowles and Mackenzie (2) were developed about 30 years ago. These theories, and the slightly l a t e r analysis of Bullough and Bil by (3) based on surface dislocation theory, are a1 1 essentially equivalent (4), a1 though to some extent the original formulations were restricted t o particular transformations. In each case the principal assumption i s t h a t the total shape deformation i s an invariant plane s t r a i n , which i s represented here by the matrix F. The single plane which i s l e f t both undistorted and unrotated by t h i s deformation-is taken t o be the interface between the parent and product structures, and any volume change associated with the transformation i s assumed to be accommodated by a strain normal to t h i s plane. The theories formally resolve the deformation E into a l a t t i c e deformation D, and a l a t t i c e invariant deformation 3 ( 5 ) . When combined with any necessary atomic shuffling, the deformation I! converts the parent structure into the product. I t i s completely defined by the crystal structures of the two phases and a correspondence matrix C which specifies which parent unit cell i s deformed into a particular product unit c e l l . In practice i t i s convenient t o resolve into a rotation 8 and a pure s t r a i n p, which includes the volume change of the transformation. The deformation S i s assumed t o be a simple shear of magnitude g in a direction a. on a plane with normal m. I t does not change the crystal structure and may therefore-be considered to be slip; twinning or faulting. The basic theories use the two crystal structures, C , m and a as data and give solutions f o r g and F.
There are in general two possible values of g , which defines for example the fraction of the product structure which i s twinned. For each of these two values there are two solutions for F giving four in a l l . Each of these defines a possible habit plane of normal h and associated direction u and magnitude f of the deformation ( 4 ) .
The original formulations of these theories (1-3) of martensite crystallography were a l l based on rather complex and lengthy matrix algebra and, apart from a few special cases, solutions could only be obtained following tedious numerical computations. Alternative formulations based on geometrical methods (6) and manipulations using stereographic projections ( 7 ) were therefore developed. In addition f o r some transformations the nature of the l a t t i c e invariant shear or the correspondence or even the product crystal structure was not known, although experimental information was available on the total shape deformation. Versions of the theory which could be used i n reverse t o determine information about the unknown mechanisms were therefore formulated (8, 9) . However early applications of the basic theories revealed that the crystallographic features of some transformations could not be predicted satisfactorily (4) so efforts were made t o introduce some f l e x i b i l i t y into the assumptions. For example a dilatation parameter was introduced to allow f o r possible uniform strains of the interface ( 2 ) and attempts were made t o assess the effect of nonuniform strains (10) . In addition the influence of more complex l a t t i c e invariant shears was investigated by resolving the matrix S into two or more shears (11) . If the group of shears share the same plane m or the same direction a they are automatically equivalent t o a single shear and can therefore be immediately accommodated in the theory. This i s also true i f a l l the shear plane normals mi and shear directions .ti l i e in a common plane S, except that in t h i s case an additional rotation --about the normal t o 2 i s required (12) . However none of these developments constituted any essential change t o the basic formulation of the theory.
In 1970 Acton, Bevis, Crocker and Ross (13) published a generalised but very concise version of the martensite crystallography theories which allowed f o r independent multiple l a t t i c e invariant shears. This had been developed from a new analysis of the theory of the crystallography of deformation twinning (14, 15) . The need f o r t h i s theory had arisen from the discovery that the basic definition of a twinning shear, being a homogeneous shear which generates the same l a t t i c e in a new orientation, allowed twinning modes with different characteristics from those accepted previously. In particular modes in which both the shear plane and shear direction have irrational indices had been discovered whilst investigating the phenomenon of double twinning (16) . Conventional twinning modes have a t least one of these elements rational. The extension of t h i s work t o produce a martensite crystallography theory with a double l a t t i c e invariant shear was carried out independently by Acton and Bevis (17) and by Ross and Crocker (18) . The two approaches were however complementary, the former relying entirely on algebraic manipulations while the l a t t e r was based on geometrical concepts. The two groups then collaborated to produce a general analysis which could be used t o investigate six types of l a t t i c e transfornation (13) . These were single and double twinninq shears, in which the parent and product structures are the same, single and double invariant plane transformations, w i t h a change of structure but no l a t t i c e invariant shears, and f i n a l l y single and double shear martensitic transformations.
In the double shear martensite theory (17,18) the total shape deformation F i s resolved into a rotation R a pure strain P and two l a t t i c e invariant shears and S2. Given the parent and product structures, the correspondence C the shear planes In, and r n, and directions a, and a, of S, and S, and the shear magnitude g, of S , a r g, of S,, the theory provides two possible values of g, or g, for each of which there are two solutions for F. The analysis therefore provides an additional parameter, either gl and g2, which can be used in an attempt t o explain the characteristic features of transformations which do not s a t i s f y the basic theory.
Unfortunately the g e n e r a l i t y o f the analysis due t o Acton e t a l . (13) I n the present paper a s i m p l i f i e d version o f t h e CRAB theory i n v o l v i n g o n l y a s i n g l e l a t t i c e i n v a r i a n t shear i s
presented. I n most a p p l i c a t i o n s o f the theory i t i s possible t o make use o f simple m a t r i x algebra n o t a t i o n and t h i s has been adopted i n t h e main t e x t . The correspond-
i n g equations f o r the general case i n which the parent s t r u c t u r e i s u n r e s t r i c t e d are presented i n the Appendix. I n t h i s case t h e more convenient b u t perhaps l e s s f a m i l i a r n o t a t i o n o f the tensor calculus has been used.
The Single Shear CRAB Theory of Martensite Crystallography.-L e t the parent s t r u c t u r e be deformed by an i n v a r i a n t plane s t r a i n o f magnitude f on a plane o f normal h i n the d i r e c t i o n u. Here and other deformations w i l l be represented by (3x3) matrices
and h and u and o t h e r u n i t vectors by (3x1) column matrices. Hence where I i s the u n i t m a t r i x and the s u p e r s c r i p t T i n d i c a t e s t r a n s p o s i t i o n . Resolve F i n t o an orthogonal r o t a t i o n m a t r i x R
, a symmetric pure s t r a i n P and a l a t t i c e i n v a r ia n t shear S , so t h a t F = R F " . (7) and (8) g i v e two s o l u t i o n s f o r the i n v a r i a n t plane s t r a i n E.
A convenient method f o r determining Q i s t o i n v e r t equation (3) Equation (15) gives two values f o r g which i n t u r n using (14) define two possible shears S and hence two p o s s i b l e matrices Q.
The procedure f o r c a l c u l a t i n g the predicted c r y s t a l l o g r a p h i c features o f a m a r t e n s i t i c transformation using the CRAB formulation i s t h e r e f o r e as follows.
( i ) Choose a correspondence r e l a t i n g t h e s t r u c t u r e s and c a l c u l a t e t h e pure s t r a i n Pand volume r a t i o 7 from t h i s correspondence and the l a t t i c e parameters.
( i i ) Choose a shear plane 3 and d i r e c t i o n % f o r the l a t t i c e i n v a r i a n t shear S. Conclusions.-The phenomenological t h e o r i e s o f t h e c r y s t a l l o g r a p h y o f m a r t e n s i t i c t r a n s f o r m a t i o n s which were f i r s t developed i n t h e 7950s were o r i g i n a l l y presented as l e n g t h y f o r m u l a t i o n s and t o some e x t e n t t h e analyses were r e s t r i c t e d t o p a r t i c u l a r t r a n s f o r m a t i o n s . Although s u c c e s s f u l l y p r e d i c t i n g t h e c r y s t a l l o g r a p h i c f e a t u r e s o f many t r a n s f o r m a t i o n s t h e r e have been n o t a b l e exceptions, so t h a t attempts have been made t o g e n e r a l i s e t h e t h e o r i e s . Most o f these g e n e r a l i s a t i o n s have been t r i v i a l b u t t h e m u l t i p l e l a t t i c e i n v a r i a n t shear a n a l y s i s o f Acton e t a l . ( 1 3 ) c o n s t i t u t e d a genuine advance. However t h e most s i g n i f i c a n t f e a t u r e o f t h i s t h e o r y was p r o b a b l y t h e f a c t t h a t i t i n c o r p o r a t e d as a s p e c i a l case a much more d i r e c t and e l e g a n t a n a l y s i s o f t h e t r a d i t i o n a l s i n g l e shear m a r t e n s i t e c r y s t a l l o g r a p h y t h e o r y . U n f o r t u na t e l y because o f i t s g e n e r a l i t y , and p o s s i b l y t h e concise n o t a t i o n used i n i t s p r e s e n t a t i o n , t h i s powerful a n a l y s i s has been l i t t l e used. The aim o f t h e p r e s e n t paper has t h e r e f o r e been t o p r o v i d e a s i m p l e v e r s i o n o f t h i s a n a l y s i s , r e f e r r e d t o a s t h e C?AB theory, f o r s i n g l e shear m a r t e n s i t e . ,!llthough r e c e n t developments i n t h e a n a l y s i s o f m a r t e n s i t i c t r a n s f o r m a t i o n s have tended t o c o n c e n t r a t e on mechanisms a
s s o c i a t e d d i r e c t l y w i t h i n t e r f a c e s t r u c t u r e and d e f e c t s , i t i s i m p o r t a n t t h a t t h e macroscopic r e s t r i c t i o n s which form t h e b a s i s o f t h e phenomenological t h e o r i e s should a l s o be s a t i s f i e d . I t i s thought t h a t t h e f o r m u l a t i o n o f t h e t h e o r y g i v e n h e r e w i l l p r o v i d e a simple t o o l w i t h which t o perform t h e necessary computations.
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